Objective(s): Development of new generation of vaccines against leishmaniasis is possible because long-term protection is usually seen after recovery from cutaneous leishmaniasis. ISCOMATRIX is particulate antigen delivery system composed of antigen, cholesterol, phospholipid and saponin. In this study, the role of ISCOMATRIX bilayer composition made by different phase transition temperature (Tc) to induce a type of immune response and protection against leishmaniasis was assessed.
Introduction
Leishmaniasis is a public health problem caused by several species of protozoan parasites of the genus Leishmania (1) . Leishmania species are intracellular protozoan parasites of macrophage-dendritic cell lineage that cause a spectrum of diseases including cutaneous (CL), mucocutaneous (MCL), diffuse cutaneous (DCL), visceral (VL or kala-azar), post kalaazar dermal leishmaniasis (PKDL) and recidivans (LR) (2) . The current strategies of vector or reservoir control cannot be used effectively, so countries prefer an effective preventive vaccine, due to high cost of vector or reservoir control (3, 4) , toxicity of drug (5, 6) , and increasing parasite resistance (7) . Recovery and protection against Leishmania major infection at least in murine model is mainly depend upon induction of a Th1 type of immune response (8) , whereas as a general rule, induction of a Th2 response controls extracellular infections (9) . Development of an effective anti-Leishmania vaccine is possible due to the fact that long lasting protection against further infection is usually seen after recovery from CL (10) or leishmanization (11) . However, despite decades of global efforts due to limited efficacy, drug resistance, and toxicities associated with chemotherapy, there is no vaccine against any form of leishmaniasis (3, 12) . Recent studies have documented that efforts to generate leishmania vaccine require to an appropriate adjuvant (13) .
Leishmanial proteins such as whole killed parasites, soluble leishmania antigens (SLA), fractionated parasite and purified recombinant antigens with an appropriate adjuvant could give rise to variable levels of protection in animal models (14, 15) . In this study SLA as a model antigen for generation of vaccine was used with ISCOMATRIX as a nanoparticulate immunoadjuvant. Immunostimulatory complexes (ISCOMs) are particulate antigen delivery systems composed of saponin, cholesterol, phospholipid, and immunogen, usually protein (16) . ISCOMATRIX has essentially the same structure of ISCOMs but without the antigen, and is usually referred to as ISCOMATRIX (also called ISCOMATRIX TM , a trademark of ISCOTEC AB). Typically, both ISCOMs and ISCOMATRIX exist as spherical, hollow, rigid, cage-like particles of about 40 nm in diameter with a strong negative charge (17, 18) . ISCOMATRIX combines the advantages of a particulate carrier system with the presence of an in-built adjuvant (Quil A) and consequently have been found to be more immunogenic than other colloidal systems such as liposomes and protein micelles (19) . A further attraction of ISCOMATRIX formulation is their adjuvant activity related to the Quil A, while increasing its stability, reducing its hemolytic activity, and producing less toxicity. These characteristics gave ISCOMATRIX their ability to induce strong antigen-specific cellular or humoral immune responses against a wide range of antigens in a number of animal model (20, 21 
Materials and Methods

Animals, ethics statement
Female BALB/c mice 6-8 weeks old were provided from Pasteur Institute (Tehran, Iran (25, 26) . The method of SLA preparation was carried out using the protocol developed with minor modifications (27) . Briefly, stationary phase promastigotes were harvested and washed four times in HEPES buffer (HS buffer) (10 mM, pH 7.5) containing 10% sucrose. The number of promastigotes was adjusted to 1.2 × 10 9 /ml in buffer solution containing enzyme inhibitor cocktail (50 μl/ml) (Sigma, St. Louis, MO, USA). The parasites were then lysed by freeze-thaw method followed by probe sonication (dr hielscher, Germany) in an ice bath. The supernatant of the centrifuged lysate parasites was collected, dialyzed against HS buffer solution and sterilized by passage through a 0.22 μm membrane and stored at −70 ˚C until use. Quil A was purchased from Sigma Aldrich. Total SLA concentration was determined using BCA (Bicinchoninicacid) protein assay kit (Thermo Scientific, USA) (28) . The antigen was aliquoted and stored at -70 ˚C until use.
Preparation and characterization of ISCOMATRIX
ISCOMATRIX was prepared by hydration of a dispersion of lipid in solid sugar matrices. The ratios of the various component are as following: lipid (EPC, DSPC, DMPC): Quil A: cholesterol of 2:2:1 without SLA, the total lipid concentration in formulation was 6.7 mg/ml. Lipid (8 mg) and cholesterol (4 mg) were dissolved in chloroform in a sterile tube. Having removed the solvent by rotary evaporator (Hettich, Germany, sucrose (200 mg) added to sterile tube and dissolved in a mixture of tert-butanol and water (4 ml, v/v 1:1). Snap freezing of the resulting monophase solution was carried out in nitrogen tank, and was freeze-dried overnight (Hettich, Germany). Four ml of PBS (0.01 M, pH 7.4) and 8 mg of Quil A were then added to hydrate the solid matrices followed by 15 min sonication to facilitate dispersion. The ISCOMATRIX dispersion was subsequently extruded through (400, 200, 100) nm polycarbonate membranes (Avestin, Canada) (34) .
Zeta potential and size of formulations were measured using a Zetasizer (Nano-ZS, Malvern Instruments, UK) (29) . Particle sizes were reported as the mean±standard deviation and poly dispersity index (PDI) (n=3). Zeta potentials were reported as the means±zeta deviation (n=3). Structure of the ISCOMATRIX was confirmed by transmission electron microscopy (TEM) (30) . Briefly, samples were coated onto glow-discharged, carbon coated copper grids and negatively stained with 2% phosphotungstic acid (pH 5.2). After that, the samples were scanned using a Phillips CM100 electron microscope with an acceleration voltage of 100 kV and a magnification of 93,000×.
SDS-PAGE analysis
The polyacrylamide gel electrophoretic analysis (SDS-PAGE) was carried out to evaluate different proteins in SLA. The gel consisted of running gel (10.22%, w/v, acrylamide) and stacking gel (4.78%, w/v, acrylamide) at the thickness of 1 mm. The electrophoresis buffer was 25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3. Electrophoresis was carried out at 140 V constant voltages for 45 min. The same amount of SLA (2.5 or 5 μg) was loaded to each well for different formulations. Then, the gels were stained with silver nitrate for protein detection (31) .
Vaccination protocol
Female BALB/c mice (10 per group) were subcutaneously (SC) vaccinated three times in 3-week intervals with one of the following formulations: ISCOMATRIX EPC-SLA (50 μg SLA +50 μl ISCOMATRIX /mouse), ISCOMATRIX DMPC-SLA (50 μg SLA + 50 μl ISCOMATRIX /mouse), ISCOMATRIX DSPC-SLA (50 μg SLA + 50 μl ISCOMATRIX /mouse), SLA (50 μg SLA/50 μl /mouse), buffer (HEPES 10 mM, sucrose 10% w/v, pH 7.4). Just before injection, 50 μg of SLA (1 mg/ml) was mixed with 50 μl ISCOMATRIX formulation.
Challenge with L. major promastigotes
Two weeks after the last booster injection, 1 x 10 6 late stationary phase L. major promastigotes in 50 μl volume was inoculated SC into the right footpad of immunized and control group of mice. Lesion progression was followed by measuring the thickness of the infected footpad as compared to the thickness of the same footpad prior to infection using a digital caliper (Mitutoyo Measuring Instruments, Japan) at weekly intervals for 8 weeks (32) .
Quantitative parasite burden after challenge
Spleens and footpad from mice vaccinated with L. major were harvested in each experimental group. The number of viable L. major parasites in the spleen and footpad of mice was estimated using limiting dilution assay method as described previously (33, 34) . Briefly, the mice were sacrificed at week 8 postchallenge; the feet were aseptically removed and homogenized in RPMI 1640 supplemented with 10% v/v heat inactivated FCS (Eurobio, Scandinavie), 2 mM glutamine, 100 units of penicillin per ml, and 100 μg/ml of streptomycin sulfate (RPMI-FCS). The homogenate was diluted with the media in 8 serial 10-fold dilutions and then was placed in each well of flatbottom 96-well microtiter plates (Nunc, Denmark) containing solid layer of rabbit blood agar in tetraplicate and incubated at 25±1 °C for 7-10 days. The positive and negative wells (presence and absence of motile parasite respectively) were detected using an invert microscope (CETI, UK). The number of viable parasite per spleen and infected footpad was determined by GraphPad Prism software, a statistical method for limiting dilution assay.
Antibody isotype assay
Serum-specific IgG subclasses were determined by a standard enzyme linked immunosorbent assay (ELISA) method. Blood samples were collected from mice before and at week 8 after challenge and the sera were isolated and kept at -20 °C until use. Assessment of anti-SLA IgG total, IgG1 and IgG2a were used to detect bound antibodies (31) . Briefly, microtiter plates (Nunc, Denmark) were coated with 50 μl of SLA (10 μg/ml) in PBS buffer (0.01 M, pH 7.3) and serial dilutions of serum at 4 °C for overnight. The plates were treated with HRP-rabbit anti-mouse IgG isotype according to the manufacturer's instructions (Invitrogen Inc., USA). Optical density (OD) was determined at 450 nm using 630 nm as the reference wavelength.
Cytokine production and determination
ELISA method was used to detect the levels of IL-4 and IFN-γ in supernatant as previously described (31) . Briefly, three mice from each group were sacrificed at week 3 after the last booster, at the same time with challenge experiment. The spleens were aseptically removed. Mononuclear cells were isolated using Ficoll-Hypaque (Biogene, Iran) density centrifugation method (32) . The cells were washed and resuspended in complete medium (RPMI 1640-FCS) and seeded at 2 × 10 6 /ml in 96-well flat-bottom plates (Nunc, Denmark). Then, the spleen cells were cultured and stimulated with SLA (10 μg/l or as control with medium alone and incubated at 37 ˚C with 5% CO2 for 72 hr. The culture supernatants were collected and the level of IFN-γ and IL-4 were determined using ELISA method according to the manufacturer's instructions (MabTech, Sweden).
Flowcytometry analysis
Spleenocytes were isolated 2 weeks after the last booster, and stained for intracellular cytokine IFN-γ (anti-IFN-γ-FITC) and IL-4 (anti-IL-4-FITC) according to BD protocols Cytofix/Cytoperm TM plus Fixation/Permeabilization Kit. Briefly, splenocytes (10 6 cells/ml) in medium containing GolgiPlug TM (1 μl/ml) was stimulated with PMA/ionomycin cocktail (2 μl/ml) for 4 hr at 37 °C. After stimulation, 10 5 splenocytes were transferred into flow cytometry tubes and washed two times with stain buffer (2% FCS in PBS). Splenocytes were stained with 1 μl anti-CD8a-PE-cy5 antibody and 1 μl anti CD4-PE-cy5 antibody in separate tubes for 30 min at 
Results
Characterization of ISCOMATRIX
The mean diameter and charge of formulations calculated by zeta sizer (Malvern, UK). Results are presented in (Table 1 ). The poly-dispersity index of ISCOMATRIX EPC, ISCOMATRIX DMPC and ISCOMATRIX DSPC was 0.21, 0.28, and 0.29 respectively; indicates that all different formulations are fairly homogenous. Zeta potential of all preparations was negative due to the presence of Quil A (Table 1) . Detection of SLA was performed by SDS-PAGE electrophoresis (Figure 1) . SDS-PAGE analysis of SLA revealed several protein bands with molecular weight ranges between 10 to 70 KDa. The size of the ISCOMATRIX structures was in the range of 40-80 nm as measured by transmission electron microscopy ( Figure 2) . TEM was used to confirm the size as well as the morphology of the colloids, the morphology showed hollow cage-like structures, which are considered as the typical morphology of ISCOMATRIX.
Challenge results
Lesion development in each mouse was recorded weekly by measurement of footpad thickness (Figure 3) . Footpad thickness progressed similarly in all groups of mice up to two weeks after the challenge. The lesion size progressed rapidly in all mice Immunized with different formulations from week 3 post infections. Footpad swelling in all groups was progressed continuously and no protection was observed in any group. Totally, the groups of mice immunized with ISCOMATRIX DMPC and ISCOMATRIX DSPC showed the smallest footpad swelling compared with other mice, but there was no significant difference in footpad swelling between the groups of mice immunized with different formulations. In all groups, the footpad swelling reached a plateau after 6 weeks but the disease progressed by metastasis to other organs and some of the mice lost their foot.
Splenic parasite burden after challenge
At day 42 after challenge, the number of viable L. major was quantified in spleen of different mice groups ( Figure 4A) . Results of splenic parasite burden showed that the group of mice immunized with ISCOMATRIX DMPC had the least parasite, which was significantly (P<0.05) lower than the control group. However, the difference in number of spleen parasites among the groups vaccinated with ISCOMATRIX DSPC or EPC compared with control group were not significant.
Parasite burden in footpad after challenge
The number of viable L. major was quantified in the infected foot-pad of different groups of mice at day 42 after challenge ( Figure 4B ). The groups of mice immunized with ISCOMATRIX DMPC or DSPC showed the least parasite burden compared to the buffer group, but there was no significant difference in the number of parasites in the all vaccinated groups compared to the control group (P>0.05). 
Antibody response
Serum samples were collected prior and postchallenge, and anti Leishmania IgG isotypes were tested to determine the type of immune response ( Figure 5, 6) . Before challenge as shown in Figure 5 , significantly higher (P<0.0001) level of IgG2a and IgG1 antibodies was seen in the sera of mice immunized with ISCOMATRIX DMPC particularly in serum dilutions of 1:200 and 1:2000, and high level (P<0.0001) of IgG was seen in ISCOMATRIX EPC compared with control group. As shown in Figure 6 , after challenge, the mice immunized with ISCOMATRIX DSPC showed the highest level of IgG and IgG2a antibodies (P<0.01) compared with control group. Although there was no significant differences in the level of IgG1 among different vaccinated groups compared to control group. 
In vitro cytokine production by splenocytes
In the day before challenge, splenocytes of three immunized mice were isolated and cultured. The results showed that the level of IFN-γ in the supernatant of splenocytes in the group of mice immunized with ISCOMATRIX DMPC was significantly (P<0.001) higher than the other groups. There was significant difference (P<0.01) in the level of IFN-γ among ISCOMATRIX EPC or ISCOMATRIX DSPC compared the buffer group ( Figure 7A ). The highest amount of IL-4 was detected in the splenocytes of mice immunized with ISCOMATRIX DSPC and ISCOMATRIX DMPC (p < 0.001) compared the buffer group ( Figure 7B ).
Flowcytometery results
Splenocytes were isolated at 2 weeks after the last booster injection to determine the antigenspecific T cell responses in different groups of mice. Extracellular staining was used for CD4 and CD8 surface markers and intracellular cytokine staining was used for IFN-γ and IL-4 cytokines followed by flowcytometery analysis. CD4 + and CD8 + cells were studied concomitantly. CD8 and CD4 markers represent the frequency of IFN-γ and IL4 producing cells in Th1 and Th2 population, respectively. The results showed SLA formulation induced a significantly higher level of IFN-γ in CD8 + lymphocytes which represented a higher number of IFN-γ producing cells in CD8 + population in comparison with other groups ( Figure 8A ). The frequency of CD4 + /IFN-γ cells in the group of mice immunized with ISCOMATRIX DMPC was significantly greater than the other groups ( Figure  8B ), while Flow-cytometric results also showed IL-4 production in CD4 + cells, that implies T celldependent humoral immunity, was not induced significantly in all groups when compared with control group (Figure 8C ). 
Discussion
The aim of this study was to investigate the effect of phospholipid's Tc on adjuvanticity of ISCOMATRIX against murine model of leishmaniasis. All ISCOMATRIX formulations were mixed with SLA as a crude antigen and used to immunize mice subcutaneously. The lesion size, splenic parasite burden, evaluation of Th1 cytokine (IFN-γ) and Th2 cytokine (IL-4), and titration of IgG isotypes were carried out to assess the type of generated immune response and extent of protection. The results indicated that different formulations induced a mixed Th1 and Th2 response in mice which were not protective. Protective immunity induced by vaccinations is dependent on the capacity Figure 8 . After last booster, splenocytes were isolated and restimulated, then stained for surface CD8, CD4 and intracellular IFN-γ and IL-4. Splenocytes were gated by side vs forward scatter light followed by staining with CD8Pe-cy5 and CD4Pe-cy5. Plots show log fluorescence intensity for IFN-γ-FITC and IL-4-PE. The data indicate the mean±SEM, (n= 3). *** (P<0.001), ** (P<0.01) and * (P<0.05) denote significant difference from buffer and all other formulations of the vaccine to elicit the appropriate immune response able to control or eliminate the pathogen. Resistance to leishmaniasis is related to a predominant Th1 response with IFN-γ and interleukin-2 (IL-2) production from the antigenspecific CD4 + T lymphocyte population which mediates protective cellular immune responses (33) (34) . In addition, activation of CD8 + T cell population has been shown to play a critical role in protection after recovery from L. major infection and in effective vaccination against experimental murine leishmaniasis (35). Whereas Th2 cells produce interleukin-4 (IL-4), interleukin-5 (IL-5) and interleukin-10 (IL-10), which augment, humoral immune responses, with uncontrolled development of lesions, metastasis, susceptibility and exacerbation of the disease (36) . The cytokine assay results showed that the highest level of IFN-γ production related to ISCOMATRIX DMPC and ISCOMATRIX DSPC ( Figure 7A) . Moreover, the highest amount of IL-4 was detected in the splenocytes of mice immunized with ISCOMATRIX DSPC and ISCOMATRIX DMPC. It seems that these formulations generated an immune response with a mixed Th1/Th2 response. Therefore, different phospholipids don't have a significant role in the immune response. Presumably, Quil A as main adjuvant has a dominant effect and determines the final immune response that is a mixed Th1/Th2 response.
ISCOMATRIX vaccines have been shown in numerous studies in animal models to be potent inducers of both T helper (CD4 + ) and CTL (CD8 + ) T cell responses to a wide variety of antigens, including naturally occurring immunogens, recombinant proteins, and peptides (37, 38) . Mice immunized with trans-sialidase-ISCOMATRIX subunit vaccine increased IFN-γ secretion by (CD8 + ) T lymphocyte (39) . Whereas in current study, CD4 + cells were more than CD8 + cells responsible for the secretion of IFN-γ. Vaccination with a recombinant Parasite Surface Antigen 2 from L. major, purified from Escherichia coli and administered in ISCOMs or with Cryptospridium parvum as adjuvant, does not induce protective immunity (40) . In another investigation, ISCOMs with gp63, although, could modulate the immune response of vaccinated BALB/c mice preferentially towards a Thl rather than a Th2-type response, induced a partial protection against Leishmania challenge (41) . It seems that Quil A is an important factor in determining the type of immune response. Quil A is a heterogeneous mixture of more than 20 components (42) . Quil A sub-fractions designated as QH-A, QH-B and QH-C, have been shown to differ in their adjuvant and immunomodulatory properties and also in the toxicity profiles (43) . Individual saponins from Quil A such as QS-7, QS-17, QS-18 and QS-21 have also shown different immune stimulating properties. For example, QS-21 was shown to be a potent adjuvant, inducing primarily Th1 immune responses and CTL responses (42) . This specification of Quil A can strongly affect the properties such as interaction with antigen presenting cells (APC), activation of CTL and stimulation of T helper (Th) cell subsets. This broad immune response is dependent on the induction of multiple innate and adaptive immune mediators, cellular processes and the interplay between these elements (44, 37) .
Conclusion
In summary, the current results showed that EPC, DMPC or DSPC ISCOMATRIX with different Tc, generated a mixed Th1/Th2 immune response that was not protective, despite the activation of large numbers of CD4 + T cells with secreting IFN-γ.
